Introduction to dissociative recombination by Mitchell, J. Brian A. & Guberman, Steven L.
. -  . 
INTRODUCTION TO DISSOCIATIVE RECOMBINATION 
Steven L.  Cuberman 
I n s t i t u t e  f o r  S c i e n t i f i c  Research 
33 Bedford S t . ,  S u i t e  19A 
Lexington, MA 02173 
and 
J. Br ian  A .  Mitche l l  
Department of Phys ics  
The Un ive r s i ty  of Western On ta r io  
London, Canada N6A 5B9 
D i s s o c i a t i v e  recombination ( D R )  of molecular i o n s  wi th  e l e c t r o n s  has 
impor tan t  consequences i n  many areas of p h y s i c a l  s c i ence .  Even though 
a l m o s t  40 years  h a v e  e l a p s e d  s i n c e  t h e  f i r s t  e x p e r i m e n t a l  a n d  
theoretical i n v e s t i g a t i o n s  o f  D R ,  i t  c o n t i n u e s  t o  p r e s e n t  g r e a t  
c h a l l e n g e s  t o  t h e  i n v e s t i g a t o r .  
For t he  d ia tomic  o r  polyatomic molecular ion  AB+, DR is d e s c r i b e d  by , 
AB+ + e- + A + B 
where e' is an e l e c t r o n  and A and B are atoms or  molecules t h a t  may be 
i n  the i r  ground s ta tes  o r  v i b r a t i o n a l l y  and/or  e l e c t r o n i c a l l y  e x c i t e d .  
The l a s t  decade has seen  something of  a r e v o l u t i o n  i n  t h e  s t u d y  of 
D R ,  s i n c e  ab i n i t i o  c a l c u l a t i o n s  coupled w i t h  r e s o n a n t  s c a t t e r i n g  
theo ry  and mul t ichannel  quantum d e f e c t  s t u d i e s  have produced detai led 
r e s u l t s  i l l u m i n a t i n g  the  r o l e  o f  i o n  v i b r a t i o n a l  e x c i t a t i o n ,  t h e  
quantum y i e l d s  of the DR p roduc t s ,  and the r o l e  of  Rydberg s ta tes .  The 
o l d  assumption t h a t  f o r  most molecules t h e  DR r a t e  c o e f f i c i e n t  is about 
cm3/sec is c l e a r l y  no longe r  adequate.  Indeed, it is now clear 
t h a t  t h e  s i m p l e s t  ions, e.g. H; and He;, have cons ide rab ly  s lower  t o t a l  
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DR ra te  c o e f f i c i e n t s  from their  ground v i b r a t i o n a l  l e v e l s .  H3, the most 
important ion  i n  hydrogen plasmas, has  been shown t h e o r e t i c a l l y  and 
expe r imen ta l ly  t o  recombine much more s lowly  when v i b r a t i o n a l l y  c o l d  
than  once be l i eved .  Deep narrow resonances  a s s o c i a t e d  with Rydberg 
s t a t e  i n t e r a c t  i o n s  h a v e  b e e n  p r e d i c t e d  and observed. New decay  
channe l s  have  been found and the  e f f e c t s  o f  v i b r a t i o n a l  e x c i t a t i o n  are 
being c la r i f ied  a s  t h e o r i s t s  probe t h e  d e t a i l s  and e x p e r i m e n t a l i s t s  
o b t a i n  b e t t e r  c o n t r o l  o f  the i r  experiments.  
I. Theory 
The e a r l y  exper imenta l  r e s u l t s  o f  Biondi and Brown'] and Hol t  e t  
a1.*] on rare gas a f t e r g l o w s  coupled with the need t o  e x p l a i n  t h e  
e l e c t r o n  c o n c e n t r a t i o n s  i n  the earth's i 0 n o s p h e r e 3 ~  l e d  S i r  David Bates 
t o  first propose  a mechanism f o r  DR i n  19504] i n  a seminal  paper t h a t  
was less  t h a n  one f u l l  page i n  l eng th .  The mechanism'has s t o o d  the test  
of  time and is s t i l l  t h e  b a s i c  mechanism used t o  describe DR i n  t h e  
absence of  t h e  h igher  o r d e r  r o l e  due t o  Rydberg s ta tes .  The proposed 
mechanism was s e v e r a l  years i n  t he  making because it had t o  overcome 
two impor tan t  o b s t a c l e s .  F i r s t ,  due t o  the mass mismatch, a c o l l i s i o n  
w i t h  an  e l e c t r o n  could  n o t  be expec ted  t o  cause  a massive molecule t o  
f a l l  apart. The t r a n s f e r  of e l e c t r o n i c  energy  t o  t h e  n u c l e a r  motion iS 
improbable. However, i n  Bates's proposed mechanism, t h e  e l e c t r o n  energy 
is t r a n s f e r r e d  e n t i r e l y  t o  t he  e l e c t r o n s  of the t a r g e t  molecule and a 
n e u t r a l  s t a t e  is formed i n  which the  n u c l e a r  motion leads t o  the 
d i s s o c i a t i o n  of the molecule. The p rocess  is i l l u s t r a t e d  i n  Figure 1 
where a molecular i o n ,  AB', shown by t he  s o l i d  p o t e n t i a l  curve  c a p t u r e s  
an e l e c t r o n  o f  energy  E: i n t o  r e p u l s i v e  s t a t e  AB. Once t h e  i n t e r p a r t i c l e  
distagce between A and E? becomes s u f f i c i e n t l y  large,  the  e l e c t r o n  can  
no longer  be e j e c t e d  and t h e  process  is sa id  t o  be s t a b i l i z e d .  The 
s e c o n d  o b s t a c l e ,  a s  p o i n t e d  o u t  i n  t h e  p a p e r  i n  t h i s  volume by 
O'Malley, is t h e  non-crossing rule which r e q u i r e s  t h a t  c u r v e s  of t h e  
same m o l e c u l a r  symmetry do n o t  c r o s s .  According t o  t h i s  r u l e ,  t h e  
r e p u l s i v e  s t a t e  label led AB i n  F igu re  1 could  n o t  reach the Ion 
c 
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Fig .  1 .  D i s s o c i a t i v e  Recombination Mechanisms 
cause  it would have t o  c r o s s  through an  i n f i n i t e  number of  Rydberg 
a tes  of  t he  same symmetry as AB and having t h e  ground s t a t e  of  t h e  
jn as a se r i e s  l i m i t .  I t  is now understood however, tha t  the  r e p u l s i v e  
;ate, AB,  is a diabatic s t a t e ,  i .e.,  it is n o t  an  adiabatic s o l u t i o n  
P the  f u l l  Schroedinger  equa t ion  and t h e r e f o r e  does  n o t  v i o l a t e  the 
3n-crossing r u l e .  
The f irst  de ta i led  c a l c u l a t i o n s  of DR were done by Bardsley5] who 
,sed the c o n f i g u r a t i o n  mixing (CM)  o r  r e s o n a n t  s c a t t e r i n g  t h e o r y  
ipproach. Ba rds l ey  a l s o  in t roduced  Rydberg s ta tes  i n t o  DR v i a  i n d i r e c t  
I n  t h i s  p rocess ,  t he  e l e c t r o n  is cap tu red  d i r e c t l y  
i n t o  a v i b r a t i o n a l l y  e x c i t e d  Rydberg s t a t e  by Born-Oppenheimer 
breakdown ( v i b r o n i c  coup l ing ) .  I n  F igure  1 ,  t h i s  p rocess  is i l l u s t r a t e d  
f o r  a n  e l e c t r o n  of energy E ' .  The Rydberg s t a t e  is then  p r e d i s s o c i a t e d  
by t h e  n e u t r a l  AB r e p u l s i v e  s t a t e .  
A r e c e n t  important  development is t h e  a p p l i c a t i o n  of  mul t ichannel  
quantum defec t  theory  (MQDT) t o  DR by  Lee71 and Giusti-Suzor.81 I n  the 
f i rs t  a r t i c l e  i n  t h i s  volume Giusti-Suzor reviews t h e  main f e a t u r e s  Of 
b o t h  t h e  CM and  MQDT approaches and describes t h e  r o l e  played by 
v i b r a t i o n a l l y  e x c i t e d  Rydberg s t a t e s  which appear  as  resonances  i n  t he  
DR c r o s s  s e c t i o n s .  These Rydberg s t a t e s  p a r t i c i p a t e  i n  DR by both a 
non-Born-Oppenheimer coup l ing  descr ibed  above and  by a n  e l e c t r o n i c  
c o u p l i n g .  For the non-Born-Oppenheimer coupl ing ,  t he  l a r g e s t  ma t r ix  
e lements  involve  a change of  u n i t y  i n  the  v i b r a t i o n a l  quantum number. 
I n  p r a c t i c e ,  t h i s  can u s u a l l y  be  s a t i s f i ed  by h i g h  p r i n c i p a l  quantum 
numbers n e a r  about  seven.  On the  o t h e r  hand, the  e l e c t r o n i c  coupl ing  
between t h e  Rydberg and d i s s o c i a t i v e  va l ence  s ta tes  is l a r g e s t  for t h e  
lowes t  Rydberg s t a t e  and decreases approximately as n*-3'* where n* is 
t h e  e f f e c t i v e  3ydberg p r i n c i p a l  quantum number. I n  t h i s  mechanism,  
R y d b e r g  s t a t e s  wi th  low p r i n c i p a l  quantum numbers b u t  c o n s i d e r a b l e  
v i b r a t i o n a l  e x c i t a t i o n  can p l a y  a r o l e .  T h i s  e l e c t r o n i c  c o u p l i n g  
mechanism has been t h e  s u b j e c t  o f  impor tan t  s t u d i e s  by O'Malleygl and 
Hickman,lO] and Hickmanf0l has shown t h a t  t h e  e l e c t r o n i c  coup l ing  can  
be  cons ide rab ly  larger than t h e  v i b r o n i c  coupl ing .  
I n  t h e  second paper  i n  t h i s  volume, O'Malley rev iews  the  u s e  o f  t h e  
r e s o n a n t  s c a t t e r i n g  theo ry  approach t o  Dr' w i th  the  assumption t h a t  the  
v a r i o u s  p r o c e s s e s  t h a t  d r i v e  DR a r e  l o c a l i z e d  i n  the i n t e r n u c l e a r  
d i s t a n c e  coord ina te .  T h i s  approximation is e s p e c i a l l y  a p p l i c a b l e  if the 
d i s s o c i a t i v e  s t a t e  does  n o t  have  a s t e e p  s lope .  O'Malley f i n d s  t h a t  t h e  
e l e c t r o n i c  coup l ing  mechanism leads t o  the s u r p r i s i n g  r e s u l t  t h a t  t h e  
c r o s s  s e c t i o n  for  t h e  case o f  a s i n g l e  isolated resonance  has a d i p  a t  
t h e  energy  o f  the Rydberg s t a t e  v i b r a t i o n a l  l e v e l .  
The  e l e c t r o n i c  c o u p l i n g  mechanism be tween  t h e  Rydberg  a n d  
d i s s o c i a t i v e  s t a t e s  is explored  i n  the paper  by Hickman. He shows t h a t  
the  c a p t u r e  is g iven  by a ma t r ix  e lement  of  a Green f u n c t i o n  and is 
second o r d e r  i n  the e l e c t r o n i c  coup l ing  between t h e  e l ec t ron - ion  and 
d i s s o c i a t i v e  s ta tes .  These h i g h e r  o r d e r  coup l ings  a re  p r e s e n t  i n  the 
second and h igher  terms on the  r i g h t  s i d e  of E q .  (5)  i n  t h e  paper  by 
Gius t i -Suzor .  Hickman a l s o  compares t h e  CM and MQDT approaches  and 
p o i n t s  o u t  t h a t  f o r  t h e  case of a s i n g l e  i s o l a t e d  resonance ,  the 
I r e s o n a n t  s c a t t e r i n g  t h e o r y  a p p r o a c h  i n  t h e  I n d e p e n d e n t  Resonance  
, . Approximationlo] and the  MQDT approach lead t o  t h e  same e x p r e s s i o n  f o r  
the  DR c r o s s  s e c t i o n .  The express ion  takes the form o f  a Beutler-Fano 
p r o f i l e  w i t h  a non-zero q. A s tudy  of DR i n  H$ shows tha t  the n e t  
e f fec t  of the i n d i r e c t  p rocess  depends upon whether the  d i r ec t  p rocess  
is fast  o r  slow. 
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Large scale a b  i n i t i o  resu l t s  f o r  DR p o t e n t i a l  c u r v e s  f o r  02 and N2, 
and e l e c t r o n  c a p t u r e  w i d t h s  and  D R  rate c o e f f i c i e n t s  f o r  02 are 
r e p o r t e d  i n  t h e  paper by Guberman. He f i n d s  t h a t  f o r  02, o u t  of t h e  11  
s t a t e s  t h a t  can produce O ( l S ) ,  t h e  upper s t a t e  o f  t h e  g reen  l i n e ,  on ly  
a s i n g l e  s t a t e  is impor tan t  f o r  t h e  lowest 9 v i b r a t i o n a l  l e v e l s  of the  
i o n .  The D R  r a t e  c o e f f i c i e n t  i s  v e r y  s e n s i t i v e  t o  v i b r a t i o n a l  
e x c i t a t i o n .  The maximum rate c o e f f i c i e n t  f o r  g e n e r a t i n g  O( lS )  is from 
v=2 and is 78 times g r e a t e r  than t h e  r a t e  c o e f f i c i e n t  from v=O. For 
O ( l D ) ,  t h r e e  s t a t e s  are impor tan t  f o r  gene ra t ing  the  upper s ta te  o f  t h e  
red l i n e  from t h e  lowes t  three v i b r a t i o n a l  l e v e l s  o f  t h e  ion. The O ( ' D )  
r a t e  c o e f f i c i e n t s  a re  less s e n s i t i v e  t o  v i b r a t i o n a l  e x c i t a t i o n  than  the  
O(lS)  r a t e  c o e f f i c i e n t s  w i t h  t h e  r a t e  c o e f f i c i e n t  from v52 being a 
f a c t o r  o f  2 less than  the  rate c o e f f i c i e n t  from v=O. The c a l c u l a t e d  
O(lD) ra te  c o e f f i c i e n t s  are  i n  good agreement wi th  ra te  c o e f f i c i e n t s  
deduced from s a t e l l i t e  measurements. For N2, DR from v=O is dominated , 
by fou r  s ta tes  and an  i n s p e c t i o n  o f  t h e  dominan t  c o n f i g u r a t i o n s  
i n d i c a t e s  t h a t  t h e  311u s ta tes  may have the  h i g h e s t  r a t e  c o e f f i c i e n t s .  
Large scale CASSCF c a l c u l a t i o n s  are  reported by Kraemer and Hazi on 
t h e  p o t e n t i a l  c u r v e s  which describe t h e  DR of HCO'. The i r  approach 
leads t o  ra ther  a c c u r a t e  values f o r  e l e c t r o n i c  e x c i t a t i o n  e n e r g i e s  i n  
CO and  HCO and  a n  a c c u r a t e  d i s s o c i a t i o n  energy f o r  HCO'. S ince  a 
f a v o r a b l e  recombination r a t e  c o e f f i c i e n t  would r e q u i r e  a s imi la r  
geomet ry  f o r  t h e  l i n e a r  ion and the  n e u t r a l  s ta te  c o n t a i n i n g  the  
c a p t u r e d  e l e c t r o n ,  they hold the  CO i n t e r n u c l e a r  d i s t a n c e  a t  t h e  
s e p a r a t i o n  found i n  HCO' whi le  vary ing  t h e  CH d i s t a n c e .  I n  a l i n e a r  
geometry, none o f  t he  n e u t r a l  s t a t e s  g i v e  l i k e l y  d i s s o c i a t i v e  r o u t e s  
f rom t h e  l o w e s t  v i b r a t i o n a l  l e v e l  o f  t h e  ion .  While two o f  t h e  
p o t e n t i a l s  d rop  s i g n i f i c a n t l y  a f t e r  r e l a x i n g  t h e  CO s e p a r a t i o n ,  a 
favorable dissociative route is still not found i n  s p i t e  of the fac t  
that  the laboratory DR r a t e  coefficients are high.  They suggest several  
possible indirect  mechanisms. 
Nakamura, Takagi, and Nakashima report  r e su l t s  for  the DR of Hi (and 
isotopes) and CH". For H;, an interesting isotope e f fec t  is reported 
from the v=3 vibrational level of D;. A t  about 0.5 eV electron energy, 
the cross section for  Di is very small compared t o  the cross sections 
for  H i  and HD". The shape of the window resembles the DR Franck-Condon 
type windows found i n  model calculations.l ' ]  For vibrational excitation 
from the v=l  s t a t e  of HD", they show that  the energy dependence of the 
cross section is similar t o  that  for DR indicating that the repulsive 
s t a t e s  a re  t h e  intermediate s ta tes .  Above the threshold energy, the V 5 l  
t o  2 vibrational excitation cross section is of comparable magnitude to  
the DR cross section. For CH", they f i n d  that  the DR r a t e  coeff ic ient  
is about 1 x 10-7 cm3Jsec a t  T=120K i n  agreement w i t h  the r e su l t  of the 
merged beam experiment. 2] 
Associative ionization ( A I ) ,  is related to  DR by detailed balance 
and many of the  same theoretical  techniques developed for D R  can be 
used for A I .  Urbain describes some recent MQDT calculations on A I  i n  H2 
and several recent experimental developments. For the case where the 
separated atoms l i m i t  l i e s  below the lowest vibrational level  of the 
ion, the A I  cross section increases w i t h  energy above threshold a s  new 
v i b r a t i o n a l  ahannels become access ib l e .  Above the ion asymptote, 
Penning ionization competes and the  AI cross section decreases. For the 
case of H" colliding wi th  H-, the entrance channel asymptote is above 
the lowest vibrational level of the ion and the cross section is large 
a t  zero energy decreasing inverse ly  w i t h  the  increasing energy. 
Experiments a re  described which provide for a measurement of the A I  
c ross  sec t ion  by  de t ec t ion  of e i ther  the emitted electron energy 
spectrum or of the vibrationally excited product ion. The generation Of 
H(2s) and H(38) atoms for A I  experiments is described. 
Since the neutral  excited s t a t e s  of HeH l y i n g  beneath the ground 
s t a t e  of HeH" a l l  have the a t t rac t ive  ion core, there a re  no excited 
r e p u l s i v e  s ta tes  which can lead to  DR of the ion ground s t a t e .  The 
paper by Michels describes the calculation of dissociative routes which 
1 . 
- can p o t e n t i a l l y  lead t o  DR of e x c i t e d  s t a t e s  of  HeH'. The lowes t  i on  
e x c i t e d  s t a t e  is o n l y  weak ly  bound and the  c a l c u l a t e d  se r ies  of  q u a r t e t  
s t a t e s  do n o t  appear t o  o f f e r  f avorab le  r o u t e s  f o r  DR. An a d d i t i o n a l  
d o u b l e t  se r ies  is d i f f i c u l t  to  calculate s i n c e  i t  can  a u t o i o n i z e  t o  the  
ion ground s ta te .  A second q u a r t e t  Rydberg ser ies  which can provide  DR 
r o u t e s  f o r  three higher  e x c i t e d  s t a t e s  of  the ion  bu t  which c a n  a l s o  





The merged beam techn ique  is desc r ibed  i n  t h e  pape r  of  Mitchell and 
Youssif .  Recent measurements of  t h e  t o t a l  DR c r o s s  s e c t i o n s  f o r  H;, 
H$, HeH', and Ni and of  t h e  branching r a t i o  f o r  H$ recombination are 
d iscussed .  A new channel l ead ing  t o  H; has  been i d e n t i f i e d  i n  t h e  
l a t t e r  measurement. HeH' has  been measured t o  have a n o n n e g l i g i b l e  
recombina t ion  c r o s s  s e c t i o n ,  a l though the s t a t e  o f  e x c i t a t i o n  o f  t h e  
i o n s  used i n  t h e  experiment has y e t  t o  be determined. Deep r e sonan t  
s t r u c t u r e s  have been observed i n  t he  c r o s s  s e c t i o n s  o f  HS, HeH' and 
N; . 
Adams and Smith have brought t h e  Flowing Afterglow Langmuir Probe 
(FALP) t echn ique  t o  the f o r e f r o n t  of  recombination research i n  r e c e n t  , 
years .  An impor tan t  advantage of  t h i s  technique  is the fact t h a t  ion  
format ion  and decay occur  i n  d i f f e r e n t  r e g i o n s  o f  t h e  flow a p p a r a t u s  
and so the i o n s  h a v e  t i m e  t o  r e l a x  i n t e r n a l l y  b e f o r e  t h e i r  
recombination r a t e  is s t u d i e d .  Measurements of  H; recombination with 
t h i s  t echn ique  have shown t h a t  the  ra te  c o e f f i c i e n t  f o r  de-excited i o n s  
is less t h a n  10-8cm3/sec. This h a s  been confirmed by r e c e n t  merged beam 
experiments.  (See Mitchell and Yousif ,  t h i s  volume). Subsequent s t u d i e s  
have found t h a t  measured v a l u e s  f o r  He',HeH+ and H; r a te  c o e f f i c i e n t s  
are i n d i s t i n g u i s h a b l e .  I n  a plasma, c o l l i s i o n a l  r a d i a t i v e  recombina t ion  
( C R R )  must  be  cons idered .  I n  the  FALP method where e l e c t r o n  d e n s i t i e s  
of 1010Cm'3 are encountered ,  CRR can proceed w i t h  a rate c o e f f i c i e n t  of 
a b o u t  10-9cm3/sec ,  t h u s  s e t t i n g  a l o w e r  l i m i t  t o  t he  measurable 
d i s s o c i a t i v e  r e c o m b i n a t i o n  r a t e  c o e f f i c i e n t .  C R R  may a l s o  h a v e  
c o n t r i b u t e d  t o  r e c e n t l y  measu red  h igh  v a l u e s  o f  H$ recombination 
publ i shed  by Amano.'3] The FALP technique  has been extended t o  the 
de te rmina t ion  o f  recombina t ion  r a t e  c o e f f i c i e n t s  f o r  a wide v a r i e t y  Of 
p ro tona ted  s p e c i e s  and e f f o r t s  are underway t o  i n t r o d u c e  UV a b s o r p t i o n  
spec t roscopy and laser induced f l u o r e s c e n c e  t e c h n i q u e s  t o  measure 
branching ra t ios  for  DR. 
E a r l i e r  e x p e r i m e n t s  p e r f o r m e d  u s i n g  t h e  microwave  a f t e r g l o w  
t echn ique  have been re-examined by Johnsen. I t  has  been found t h a t  ( a )  
the  p resence  of  molecular a d d i t i v e s  i n  a plasma leads t o  a lower ing  of  
t he  mean e l e c t r o n  tempera ture ,  and (b)  heat conduct ion  i n  a plasma is 
i n s u f f i c i e n t  t o  produce a uniform e l e c t r o n  energy d i s t r i b u t i o n  over  the 
whole volume. The consequence o f  these f i n d i n g s  is that  some o f  t h e  
ear l ier  v a l u e s  f o r  measured recombination rate c o e f f i c i e n t s  must be 
t r e a t e d  wi th  s u s p i c i o n .  Th i s  is p a r t i c u l a r l y  t r u e  f o r  c l u s t e r  ions.  A 
reassessment  o f  p rev ious  Ni s t u d i e s  is g iven  i n  t h e  l i g h t  of r e c e n t  
research on the v i b r a t i o n a l  d e a c t i v a t i o n  o f  d ia tomic  ions .  Although it  
is concluded tha t  p rev ious  s t u d i e s  a p p l i e d  t o  v i b r a t i o n a l l y  e x c i t e d  
ions ,  s k e p t i c i s m  is expressed  concern ing  the new merged beam r e s u l t s  
d i s c u s s e d  by Mitchell and Yousif. Mention of  new s t u d i e s  concern ing  
e l e c t r o n - i o n  recombina t ion  a t  e l e v a t e d  g a s  d e n s i t i e s  a n d  of r e c e n t  
ion-ion recombination work is a l so  given. 
fo l lowing  the  DR of NS, 05, CO;, and H20' i n  a f lowing  a f t e r g l o w ,  as  a 
f u n c t i o n  o f  the i n i t i a l  v i b r a t i o n a l  e x c i t a t i o n  of the p a r e n t  i o n s ,  have 
been performed by Rowe and Q u e f f e l e c .  The H20' r e s u l t s  s u p p o r t  the 
c o n c l u s i o n s  of  HerbstIs s t a t i s t i c a l  a n a l y s i s  o f  branching  r a t i o s  r a t h e r  
than  Bates' theo ry  based on bond breaking .  
Spec t roscop ic  measurements of the product s ta te  branching  r a t i o s  , 
T r a n s l a t i o n a l  spec t roscopy i n  which measurement  of t h e  k i n e t i c  
e n e r g i e s  of d i s s o c i a t i o n  p roduc t s  a l l o w s  a de te rmina t ion  of t h e i r  
e x c i t a t i o n  s t a t e  i s  a p o w e r f u l  t o o l  which  c o u l d  be  u s e d  f o r  DR 
branching r a t i o  measurements, The paper by van d e r  Zande, Koot, Los, 
and Pe te r son  p rov ides  an  example o f  t h i s  e l e g a n t  technique. A s t u d y  of 
t h e  energy s p e c t r a  of t he  p roduc t s  of 0; + C s  d i s s o c i a t i v e  e l e c t r o n  
c a p t u r e  is presented .  The h i g h  r e s o l u t i o n  i n h e r e n t  i n  the t echn ique  
a l l o w s  t h e  Rydberg s ta tes  i n t o  which the  e l e c t r o n  is c a p t u r e d  t o  be 
. 
-. i d e n t i f i e d  . . , A p r o p o s e d  e x p e r i m e n t  t o  demonstrate laser s t i m u l a t e d  r a d i a t i v e  . 
b recombination o f  e l e c t r o n s  and pro tons  is descr ibed by Morgan and  
Mitchell. The experiment w i l l  employ the  Merged Beam Apparatus a t  the 
U n i v e r s i t y  o f  Wes te rn  O n t a r i o  and  w i l l  employ f i e l d  i o n i z a t i o n  
d e t e c t i o n  of  t h e  h i g h l y  e x c i t e d  recombination products .  The t echn ique  
a l s o  h a s  a p p l i c a t i o n s  t o  t h e  measurements of DR branching r a t i o s  and 
d i e l e c t r o n i c  recombination c r o s s  s e c t i o n s .  
Recent t h e o r e t i c a l  and exper imenta l  s t u d i e s  by Lundeen on H2 Rydberg 
s ta tes  w i t h  high angu la r  momenta have shown t h a t  the e n e r g i e s  o f  these 
s ta tes  may be a c c u r a t e l y  calculated us ing  models employing long  r ange  
i n t e r a c t i o n s  only .  Th i s  is i n  c o n t r a s t  t o  the  case f o r  low 1 states  
where s h o r t  range  i n t e r a c t i o n s  dominate and MQDT t h e o r i e s  are necessa ry  
f o r  energy  c a l c u l a t i o n s .  Furthermore, long range  i n t e r a c t i o n  t h e o r i e s  
p r e d i c t  s h o r t  a u t o i o n i z a t i o n  lifetimes (lO'gsec) f o r  t h e  h igh  1 states .  
S h o r t  range  i n t e r a c t i o n  t h e o r i e s ,  on t h e  o t h e r  hand, p r e d i c t  l i f e t i m e s  
of t h e  o r d e r  o f  t e n s  of  s e c o n d s .  T h i s  i m p l i e s  t h a t  l o n g  range  
i n t e r a c t i o n s  p l ay  a crucial  r o l e  i n  t h e  dynamics o f  high 1 Rydberg 
s ta tes .  
The p a p e r  by  Graham addresses t h e  s u b j e c t  of  e l e c t r o n  and ion  
t empera tu res  i n  plasma d i scha rges .  A knowledge of  t h e s e  is impor tan t  i n  
o r d e r  t o  determine t h e  c o n d i t i o n s  under which DR ac t s  as  a major i on  
l o s s  mechanism. Genera l ly  it is overshadowed by ion  d i f f u s i o n  t o  the 
walls. D R ,  however, does  p l a y  a major r o l e  i n  t he  product ion  of e x c i t e d  
atoms and so a knowledge of product branching r a t i o s  is impor t an t  f o r  
t h e  i n t e r p r e t a t i o n  of  p l a sma  s p e c t r a  which p r o v i d e  d i a g n o s t i c  
i n fo rma t ion  concern ing  the s t a t e  of t h e  discharge. D R  a l s o  competes 
w i t h  d i s s o c i a t i v e  a t t a c h m e n t  f o r  low energy i o n s  and so must be 
inc luded  i n  models o f  n e g a t i v e  ion  sources .  
It  is g e n e r a l l y  accepted tha t  t h e  primary format ion  mechanism f o r  H- 
i o n s  i n  a pure  hydrogen d i scha rge  is the  d i s s o c i a t i v e  a t tachment  Of 
e l e c t r o n s  t o  v i b r a t i o n a l l y  e x c i t e d  H2 molecules. The s o u r c e  o f  t h i s  
v i b r a t i o n a l  e x c i t a t i o n  is o n l y  p a r t i a l l y  understood. H i s k e s  and Karo 
h a v e  examined  t h e  r o l e  of  wall  c o l l i s i o n s  involv ing  H; and H$ i n  
producing v i b r a t i o n a l l y  e x c i t e d  hydrogen molecules. A d e s c r i p t i o n  of 
t h e  p r o c e s s e s  involved  i n  t h e  n e u t r a l i z a t i o n  of these molecules a t  
s u r f a c e s  is g iven  and t h e  authors f i n d  t h a t  c o l l i s i o n s  of v i b r a t i o n a l l y  
excited H i  and H$ produce copious  numbers o f  H2(v11) molecules. Indeed, 
t h i s  mechanism a p p e a r s  t o  be t h e  dominant sou rce  of  H2(v10 a t  low 
plasma d e n s i t i e s .  
Bahns and  S t w a l l e y  p r o v i d e  a rev iew o f  a n t i m a t t e r  c l u s t e r  i o n  
f o r m a t i o n  p r i n c i p l e s .  The i m p e t u s  f o r  t h i s  work is t o  p r o d u c e  
an t ihydrogen  i n  a condensed form f o r  easy t r a n s p o r t a t i o n  and s t o r a g e .  
The concept  of the pseudowall, a c o l d ,  t r apped ,  h igh  d e n s i t y  plasma 
w i t h i n  which many c o l l i s i o n  p r o c e s s e s  can occur l e a d i n g  t o  c l u s t e r  i o n  
bui ldup ,  is d iscussed .  Experimental  m a n i f e s t a t i o n s  of t he  pseudowall 
are proposed. 
Spec t roscopy is a n  important t o o l  i n  plasma d iagnoses  s i n c e  i t  is 
g e n e r a l l y  non-pe r tu rba t ive ,  I n t e r p r e t a t i o n ,  however, r e q u i r e s  a good 
knowledge  of t h e  a t o m i c  p r o c e s s e s  l e a d i n g  t o  p h o t o n  e m i s s i o n .  
Shoemaker, Canguly, and Carscadden describe how a s t u d y  of the S t a r k  
broadening of spec t ra l  l i n e s  from h i g h l y  e x c i t e d  Rydberg s t a t e s  w i t h i n  
t he  plasma c a n  p r o v i d e  i n f o r m a t i o n  o n  l o c a l  e l e c t r i c  f i e l d s .  A 
d e s c r i p t i o n  o f  t h e  a p p l i c a t i o n  of t h i s  technique  is given .  
' 
111. A p p l i c a t i o n s  
DR can y i e l d  t r a n s l a t i o n a l l y  h o t  p roduc t s  which may have e n e r g i e s  
tha t  exceed t h o s e  needed f o r  p l a n e t a r y  escape. The r o l e  o f  DR i n  the 
escape  o f  N i s o t o p e s  from Mars is d i scussed  i n  t h e  paper by Fox. Among 
s e v e r a l  p r o c e s s e s  t ha t  c o n t r i b u t e  t o  p l a n e t a r y  e scape ,  DR o f  N': is t h e  
major p rocess  a t  h i g h  and average  s o l a r  a c t i v i t i e s  and is t he  most 
impor t an t  p rocess  c o n t r i b u t i n g  t o  t he  i s o t o p e  enhancement r a t i o .  The 
i s o t o p e  enhancement r o l e  of DR disappears f o r  v>O. DR of  0; is an 
impor t an t  p rocess  i n  p l a n e t a r y  atmospheres,  where it g e n e r a t e s  O( 'SI 
and O('D), the upper s t a t e s  of t h e  g reen  and red l i n e s ,  r e s p e c t i v e l y .  
Fox d i s c u s s e s  a d e t a i l e d  model of t h e s e  emiss ions  as a f u n c t i o n  Of 
a l t i t u d e  i n  t h e  n i g h t s i d e  ionosphere of Venus. The model r e s u l t s  f o r  
t h e  green l i n e  emission are  c o n s i s t e n t  w i t h  the measurements made by 
- t he  Venera space probe. 
I Yee, Abreu, and Colwell  d i s c u s s  the  modelling of  t he  O ( l S )  and O ( l D )  
t 
b 
- emiss ions  which r e s u l t  from DR of 0; i n  t h e  Ear th ' s  ionosphere.  For the 
v i b r a t i o n a l  d i s t r i b u t i o n  of  the  ion they use  f i v e  models developed by 
Fox. For t h e  s p e c i f i c  r a t e  c o e f f i c i e n t s  y i e l d i n g  lD and l S  atoms, t h e y  
use the v a l u e s  c a l c u l a t e d  by Guberman. I n  o r d e r  t o  calculate y i e l d s  f o r  
a d i s t r i b u t i o n  o f  v i b r a t i o n a l  l e v e l s ,  one must have a s p e c i f i c  r a t e  
c o e f f i c i e n t  and a t o t a l  ra te  c o e f f i c i e n t  f o r  each l e v e l .  S i n c e  t o t a l  
ra te  c o e f f i c i e n t s  have n o t  been measured o r  c a l c u l a t e d  f o r  v>O, they  
use  the l a b o r a t o r y  v=O c o e f f i c i e n t  f o r  higher v. The adequacy of t h i s  
a s s u m p t i o n  m u s t  a w a i t  t h e  r e s u l t s  o f  f u t u r e  c a l c u l a t i o n s  o r  
experiments.  Thei r  t h e o r e t i c a l  model shows t h a t  t h e  ' D  (IS) quantum 
y i e l d  decreases  s l i g h t l y  ( i n c r e a s e s  s t r o n g l y )  w i t h  v i b r a t i o n a l  
e x c i t a t i o n .  A c a l c u l a t i o n  of  t h e  quantum y i e l d s  u s i n g  the measured 
volume e m i s s i o n  r a t e s  from t h e  Atmosphere E x p l o r e r  E s a t e l l i t e  
i n d i c a t e s  t h a t  a t  h i g h  v i b r a t i o n a l  e x c i t a t i o n ,  t h e  c a l c u l a t e d  'S 
quantum y i e l d s  a r e  h ighe r  than the  au tho r s '  t h e o r e t i c a l  model r e s u l t s  
bu t  t he  lD r e s u l t s  are  i n  good agreement w i t h  t he  t h e o r e t i c a l  model. 
The p roduc t s  o f  t h e  D R  o f  p o l y a t o m i c  m o l e c u l e s  a r e  i m p o r t a n t  
components  o f  t h e  c h e m i s t r y  o f  d e n s e  i n t e r s t e l l a r  c louds .  Herbst  
d i s c u s s e s  three methods which have been used t o  de te rmine  t h e s e  y i e l d s  
and comparative examples are g iven  f o r  H30+, HCNH', and C4H2'. The 
abundances o f  n e u t r a l  complex molecules and of  small molecules such as  
OH are s e n s i t i v e  t o  t h e  model t h a t  is used. It is known tha t  t h e  ra t io  
of s i n g l y  deuterated species t o  their  hydrogenic ana logues  is o f t e n  
h ighe r  than  t h e  deuter ium t o  hydrogen r a t i o  i n  t h e  dense  c louds .  It is 
possible t h a t  the product branching r a t i o s  f o r  DR r e a c t i o n s  may account 
for  t h i s ,  b u t  a d e f i n i t i v e  s t a t e m e n t  must  await t h e  independent 
d e t e r m i n a t i o n  of  t h e  DR branching r a t i o s .  
The r o l e  of DR i n  d i f f u s e  i n t e r s t e l l a r  c louds  is d i scussed  by B l a c k  
and van  Dishoeck who p o i n t  o u t  t h a t  t h e  c o n c e n t r a t i o n s  o f  n e u t r a l  
s p e c i e s  can  be i n t i m a t e l y  affected by t he  p roduc t s  of  DR r e a c t i o n s .  
They stress t h e  need t o  de te rmine  the  quantum y i e l d s  o f  p r o d u c t s  
r e s u l t i n g  from DR of CHS, C$i, C3H3, and H30'. I n  d i f f u s e  c louds ,  
where t h e  f r a c t i o n a l  i o n i z a t i o n  is h igh ,  t he  DR ra te  c o e f f i c i e n t  f o r  H$ 
s i g n i f i c a n t l y  a f fec ts  t h e  column d e n s i t y  o f  H$, bu t  i n  dense  molecular 
c l o u d s  the column d e n s i t y  is less s e n s i t i v e  t o  the DR rate c o e f f i c i e n t .  
For  HeH', t h e  p r e d i c t e d  model c o n c e n t r a t i o n  is greater t h a n  the 
r e c e n t l y  observed upper l i m i t ,  i n d i c a t i n g  tha t  an important s i n k  is 
miss ing  from the  models. 
S e v e r a l  approaches  f o r  de te rmining  the  small i o n i z a t i o n  f r a c t i o n  i n  
d e n s e  i n t e r s t e l l a r  c l o u d s  based  o n  d e u t e r i u m  f r a c t i o n a t i o n  a r e  
d i scussed  by Turner.  Reliable v a l u e s  of t h e  DR ra te  c o e f f i c i e n t s  of H3 
and CH3 are needed f o r  these models. The chemistry o f  cyanopolyynes is 
d i scussed  and s e v e r a l  poss ib i l i t i es  a re  p resen ted  t o  account  f o r  the 
d i f f e r e n c e  between the  observed and model v a l u e s  f o r  the ion  t o  n e u t r a l  
c o n c e n t r a t i o n  ratios.  A model of t h e  DR of H3C@ is presen ted .  Turner 
a r g u e s  tha t  t h e  model s u p p o r t s  t h e  p r e d i c t i o n  of Bates f o r  the  l i k e l y  
quantum y i e l d s  of t h e  DR products .  
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